Hydrogen sulfide (H 2 S) has been related to be toxic and to have a role in human physiological functions. Therefore, there is a necessity to comprehend ways to scavenger hydrogen sulfide from different media. Here, we used recombinant metaquo-Hemoglobin I (metHbI) from Lucina pectinata and metaquo-myoglobin (metMb) encapsulated in the tetramethyl orthosilicate gel (TMOS), to facilitate the understanding of H 2 S transfer toward these metaquo-hemeproteins. In this sol-gel environment, metHbI binds and releases H 2 S with rate constants of 0.0597 M ). Although the H 2 S k off for the rHbI-H 2 S complex is almost similar with both sol-gel and solution. To further understand how the H 2 S k off from rHbI-H 2 S in solution (5 µM) is influenced by the protein concentration gradient, metHbI and metMb (25 µM) encapsulated in TMOS sol-gel. Under these circumstances, the H 2 S transfer from a solution of the rHbI-H 2 S complex to encapsulated hemeprotein resulted in k off values of 1.90 × 10 −4 s −1
Introduction
It is well-known that encapsulation of biomolecule, such as proteins [1] [2], enzymes [3] , antibodies and cells [1] , using sol-gels method is widely considered for research in the development of biosensor [4] [5] [6] , tissue engineering [7] , and drug delivery [8] [9] . This technique involves the inclusion of a biomolecule in an inorganic matrix where mobility is restricted but allows migration of particular analytes through the gel lattice [10] [11] . One of the main challenges in the polymeric matrix immobilization is to prevent denaturalization of biomolecules. Silica-based sol-gels are widely used to encapsulate large biomolecules at room temperature because they retain the protein structural and functional characteristics [12] . The advantage of tetramethyl orthosilicate (TMOS) is that the sol-gel cannot swell after immersion into the biomolecule's solutions, keeping the protein from leaving the framework and making it ideal for the reaction between solutions or gases [10] .
Recently, snake venom was immobilized by the sol-gel method to prevent denaturation of venom content from the environmental conditions [13] . Efficiency assay, scanning electron microscopy and cytotoxicity analysis, showed that the process is suitable to encapsulate the venom and is appropriate for drug delivery systems. Another biomolecule encapsulated in silica sol-gels was cytochrome c [14] [15] [16] . UV-vis spectroscopy reveals insignificant changes in the structural conformation of the molecule encapsulated. In both types of research, biomolecules were immobilized in nanometric spaces. These provide the possibility of mimicking the environment in which proteins are sterically hindered, diffusion is reduced, and water molecules do not behave as bulk water [11] [17] . Therefore, this technique, in combination with the selectivity offers by biomolecules, ) to form ferric hemoglobin sulfide with absorption bands at 426 nm, 543 nm, and 575 nm [18] 
Materials and Methods

Sample Preparation
The expression of the recombinant HbI His-tagged and purification used in the experiment has been described in detail previously [28] . The metaquo-HbI (metHbI) and metaquo-Mb (metMb) from the equine skeletal muscle (Sigma Aldrich) were prepared by heme oxidation, adding 10% molar excess of potassium ferricyanide solution and after the reaction, the oxidant was removed with an Amicon® device. The protein was in a 100 mM phosphate buffer at pH 6.5.
The experiments were performed with H 2 S present in solution and gas phase.
The H 2 S stock solution of 0.4 mM was prepared by dissolving Na 2 S•9H 2 O salt (Alfa Aesar) in the buffer. The buffer for the H 2 S stock solution contained 100 mM succinic acid (Sigma Aldrich), 100 mM potassium dihydrogen phosphate (Sigma Aldrich) and 1 mM EDTA (Sigma Aldrich) adjusted to pH 6.5. The stock solution was purged and degassed to prevent oxygen contamination. Different aliquots (10 -20 µL) of the H 2 S stock solution were added to encapsulate metHbI to form rHbI-H 2 S complex, where H 2 S had a 5 to 2000-fold molar excess compared to the protein's concentration. The H 2 S gas was prepared by the reaction of Na 2 S with concentrated HCl in a vial. The H 2 S gas produced was transferred carefully to the sample through the tube by creating a small difference in pressure between the vials, using a syringe in the sample container. The hemeprotein hydrogen sulfide complex was formed by bubbling small amounts of H 2 S gas directly into the hemoglobin sample from another container. The 32 mM hydrogen peroxide (Sigma Aldrich) stock solution) was prepared by measuring the aliquot in a vial and dissolving it with buffer. An Agilent 8453 UV-Vis spectrophotometer was used to confirm the presence of the metHbI and rHbI-H 2 S.
Beer-Lambert law was used to determine the concentration of metHbI and metMb in solutions, using 178 and 188 cm −1
•M −1 as the heme molar absorptivity, respectively [29] . Several minutes after it was mixed, gelation occurred, obtaining 25 μM of protein concentration. Then, the cuvette was covered with a septum and flipped upside-down to add the mixture with a syringe, creating a second sol-gel at the top of the cuvette only. This free space between both ends was represented by the area of the dot in the scheme. In that space, the plastic cuvette was perforated with a tin welder to add rHbI-H 2 S solution through a septum without disturbing the gel.
Protein Immobilization by Sol-Gel Method
This rHbI-H 2 S solution donated the H 2 S toward encapsulated metHbI and metMb to generate the complex rHbI-H 2 S or sulfmyoglobin (in the presence of peroxide), respectively. Scheme 1(d) shows how the protein is entrapment in the sol-gel method. The gel encloser the protein, and it interacts with water and hydrogen bond of the hydrophilic nanopores [31] . In the experiment, the H 2 S heme complex and immobilized heme protein were monitored by absorption spectra. Similarly, H 2 S was also applied in a gas state to monitor the binding of the gas to the hemeprotein encapsulated in the sol-gel. The polymers were stored in the refrigerator at 4˚C. 
Protein Release Studies
The release of encapsulated metHbI and metMb was determined by immersing the polymer in a glass vial with 400 µL of phosphate buffer in pH 6.5. The buffer was removed and concentrated by centrifuging (5000 rpm, 25˚C) in a 3K Eppendorf micro tube until 100 μL was obtained. The amount of protein in the buffer solution was measured by adding 10 μL in DMV bio cell (Starna Scientific) and was analyzed employing a Shimadzu UV 2700 spectrophotometer. Then, the analyzed buffer was returned to the sol-gel, and the process was repeated for four days.
Kinetic Measurements
The H 2 S association rate constant (k on ) in encapsulated metHbI under anaerobic conditions was determined using UV-Vis spectrophotometry. 
ATR-FTIR Spectroscopy
IR spectra were measured following the protocol described by Yang [32] . A Perkin Elmer Frontier FTIR spectrometer equipped with a diamond ATR crystal and TGS detector was used to obtain spectra of metHbI and rHbI-H 2 S solutions Journal of Encapsulation and Adsorption Sciences and encapsulated rHbI-H 2 S. Spectra were collected at 25˚C using a resolution of 
Results and Discussions
Structure of HbI after Sol-Gel Encapsulation
The work presented here examine the immobilization, release, and secondary structure of the protein encapsulate by the sol-gel method. Figure 2 (a) shows the UV-Vis spectra of metHbI in solution and after encapsulation in sol-gels. In the encapsulated metHbI (black line) spectra a sharp transition at 407 nm and small bands at 501 and 633 nm can be observed. This spectrum was identical to the protein solution (blue line), demonstrating that the encapsulated protein preserves the heme configuration. The UV absorption spectra in hemoproteins are attributed to π→π* electronic transitions of the heme porphyrin. In consequence, there is an intense band near to the ultraviolet region known as the Soret band, and weak electronic transitions between 500 -600 nm called Q bands.
These spectral bands are sensitive to the changes exerted by the coordination state in the iron and surrounding of the heme protein [33] . Thus, according to Gamero-Quijano, A. et al. (2014) , the evidence points out that the silica framework retains its optical characteristic of the protein upon encapsulation [14] [15], suggesting that the heme porphyrin remain stable. The UV-Vis spectrum for the buffer after having contact with metHbI sol-gel (dash line) by four days showed the absence of protein bands, indicating that pore size in the silica framework kept the protein immobilized in the lattice [34] . The data present that HbI encapsulated in TMOS is stable, and it is not released to the solution.
MetHbI immobilized in silica gel and exposed to H 2 S in both solution and gas phase, showed a red shift of the Soret band at 426 nm and Q bands at 544 and Figure 4 shows the UV-V is spectra of metMb solution (blue line) and metMb encapsulate (black line). The data present that both has a Soret band at 409 nm, and Q bands at 504 nm and 633 nm, revealing that the encapsulation of the hemeprotein preserved the chromophore structure. Also. Figure 4 inset shows the presence of a band at 617 nm, which can be attributed to the 
Myoglobin Encapsulation and Reactivity
Monitoring H2S in Encapsulated HbI in Sol-Gel by Kinetic Analysis
UV-Vis spectroscopy was used to evaluate the binding properties of encapsulated metHbI with H 2 S in solution and the gas phase. For this purpose, Figure   5 ). The fast association is affected by amino acids in the active site and its periphery [47] . When the protein is immobilized, ( Figure S1 , Supplementary Information). As a function of the pH, the Na 2 S salt dissolution is accompanied by the formation of the H 2 S, HS − , and S 2− species [48] . For example, at pH 6.5˚C and 25˚C, the solution consists of mainly 62% H 2 S and 38% HS −. Therefore, when Na 2 S is dissolved in concentrated hydrochloride acid, it generates NaCl (ac) and H 2 S (g) without the contributions of other sulfides species. The process does not dismiss that while H 2 S gas passes through the polymer, it can dissociate with the water produced by condensation of polymer synthesis. Hence, this established that hydrogen sulfide generated either in solution or in the polymer did not significantly alter the reaction in the sol-gel between metHbI and H 2 S.
The dissociation kinetics of H 2 S in the encapsulated HbI was evaluated in first-order equilibrium conditions, with 450 µM or 18-fold H 2 S molar excess, the minimum H 2 S concentration required to form the rHbI-H 2 S complex. Figure 6 shows that the ligand exhibits very slow dissociation rate constant (k off ) of 6.67 × [20] . Hence, the rapid association together slow dissociation in the HbI is generated by glutamine and phenylalanines near the heme. Recent kinetics studies and SAXS/WAXS data have demonstrated that both recombinants Lys and His-tagged, conserve the structural and functional characteristics of the wild type hemeprotein [49] . When (His) 6 -rHbI is encapsulated, the H 2 S association constant was slower than hemeprotein in solution by the limited accessibility to the heme cavity; however, the (His) 6 -rHbI-H 2 S dissociation was almost not affected by the gel.
Hydrogen Sulfide Transfer from rHbI-H2S Solution to Encapsulated rHbI and Mb
The work examined if 25 µM of encapsulated metHbI enhances the dissociation of H 2 S from the 5 µM rHbI-H 2 S complex in solution. Although rHbI-H 2 S in solution generates the 100% metHbI, suggesting that H 2 S is transferred to the encapsulate metHbI, Figure 7 shows an H 2 S k off for the rHbI-H 2 S derivatives of Figure 7 . A plot of pseudo-first order dissociation kinetic of rHbI-H 2 S complex in solution when it interacted with 25 µM of encapsulated metHbI. present in these will not have a significant effect in the slow dissociation rate constant.
Conclusion
Recombinant Hemoglobin I from the mollusk Lucina pectinata was successfully . The inset displays the kinetic traces at 426 nm for the unbinding of HbI-H 2 S complex as a function of time.
